In this paper we examine whether indirect detection constraints on dark matter associated with a non-thermal history may be significantly improved when accounting for the presence of galactic substructure in the form of dark matter spikes. We find that significant constraints may be derived from the non-observation of an excess of diffuse gamma-rays and from the properties of bright gamma-ray point sources observed by the Fermi GammaRay Space Telescope, but these constraints depend sensitively on the details of the formation of the first stars and their subsequent black hole remnants. However, we also find that, especially if WIMPs annihilate primarily to quarks or gauge bosons, it is possible to extract meaningful and conservative bounds on the annihilation cross section.
I. INTRODUCTION
Despite the successes of precision cosmology, existing observations seem to tell us little about the history of the universe prior to Big Bang Nucleosynthesis (BBN). This is unfortunate given the expectations from particle theory for a rich amount of phenomenology at these scales; including symmetry breaking transitions, the generation of mass in the Standard Model, the origin of the baryon asymmetry, and the existence of Cold Dark Matter (CDM). The Large Hadron Collider (LHC) is currently probing the microphysics responsible for many of these processes, but without an exact description of the cosmological history prior to BBN our understanding will remain incomplete.
In the case of CDM, the standard assumption of a thermal history prior to BBN provides a well-motived and convincing scenario for connecting the cosmological and microscopic origin of CDM [1] . In this approach, one assumes that very early in its history the universe achieves thermal equilibrium and remains in that state until the time of BBN. In such an approach, the amount of CDM today depends parametrically on the properties of the CDM particles (mass and cross section) and the temperature at which the particles ceased to annihilate -so-called 'freeze-out'. It is re- * Electronic address: pearl@ph.utexas.edu † Electronic address: gswatson@syr.edu assuring that when comparing this estimate with precision cosmological measurements for the amount of CDM today we get a prediction for the mass and annihilation cross section near the scale of electroweak symmetry breaking. However, in the simplest models this "WIMP Miracle" is spoiled by a tension with electroweak precision constraints. Given that search strategies at LHC and other CDM detection experiments depend on assumptions about the self-annihilation cross section of these particles 1 it is crucial to establish the robustness of the thermal scenario and the associated cosmological constraint, i.e. σv th ≈ 10 −26 cm 3 s −1 , as well as identifying any other viable alternatives for their production [2] .
One possible alternative scenario is that of a nonthermal history. This scenario occurs if massive particle decays or phase transitions lead to a significant entropy and particle production prior to BBN. If such transitions occur after the thermal freeze-out of CDM, predictions for the microscopic properties of the total amount of CDM may differ significantly from the usual thermal scenario [3] . Such scenarios have deservingly received much skepticism over the years, particularly because the non-thermal production of CDM must occur in a very narrow window -after CDM thermal freeze-out but prior to the onset of BBN -naively introducing a new and unmotivated scale of physics into the problem. However, in the particular case of Anomaly Mediated Supersymmetry (SUSY) breaking one finds that this scale is set by the scale of SUSY breaking and non-thermal CDM is a natural prediction for this class of models [4] . Building on this intuition, more recently it has been suggested that this may be a general expectation of a larger class of gravity-mediated SUSY models when one accounts for theoretical selfconsistency in the ultraviolet [3, 5] . In addition to this theoretical motivation, non-thermal models make definite and testable predictions which are currently being scrutinized at colliders, as well as by ground-and space-based CDM searches. One such prediction is the enhancement of the self-annihilation cross section by as much as three orders of magnitude compared with that of the standard thermal scenario, while still yielding the correct amount of CDM cosmologically [3] .
In this paper we focus on whether indirect detection constraints on non-thermal CDM can be significantly improved when accounting for galactic substructure resulting from dark matter spikes. Specifically, we follow [6] in their analysis of the gamma-ray constraints on dark matter annihilation in the dark matter spikes in our Galactic halo. Dark matter spikes arise due to the contraction of a dark matter minihalo when a baryonic object (e.g. a star) forms at its center, as was the case with the first generation of stars to form in our universe. Indeed, as a result of the increased dark matter density in the spike, the very first stars are thought to have undergone a phase during which they were supported by dark matter annihilations, dubbed the Dark Star phase [7] . The affect of a boosted annihilation cross section on the evolution of Dark Stars was examined in [8] , where they found that the Dark Star phase is shortened by an enhanced dark matter annihilation cross section, though the existence of the phase is robust.
Current constraints from indirect detection already put strong bounds on the allowable cross sections for non-thermal models [9, 11] . Additionally, if the PAMELA 2 excess is in-fact a signature of dark matter annihilations, the data suggests that dark matter annihilates preferentially to leptonic final states [13] . It is possible to construct such models [12] , however it is noteworthy that predicted fluxes of charged particles can suffer from large uncertainties associated with astrophysical backgrounds. Indeed, it was demonstrated in [9] (see also [14, 15] ) that in the case of anti-protons, astrophysical backgrounds can be significantly lower than previously expected while still being consistent with the Boron to Carbon ratio.
Here we examine the potential of the gamma-ray data from the Fermi Gamma-Ray Space Telescope (FGST) to constrain models of non-thermal dark matter in local spikes. Uncertainties in the astrophysical backgrounds play an inconsequential role in the following analysis, however, we find that constraints on dark matter annihilation can be ambiguous in the absence of a reliable star formation history. We emphasize that an important and difficult challenge for this program is the establishment of constraints on the typical mass and formation era of the first generation of stars. For example, upcoming observations with the James Webb Space Telescope (JWST) may provide some hints about the formation of the first stars [16] , and it's even possible that JWST will observe a Dark Star [17] . As we demonstrate, if a star formation history is established, the constraints on dark matter annihilation in local spikes may be very significant.
In the next section we briefly review the mechanism by which dark matter spikes form in the early universe and the method used to extract the local distribution of surviving spikes in our Galactic halo. In section III we demonstrate how the presence of this substructure can lead to a general enhancement of the gamma-ray constraints on non-thermal dark matter model building. We briefly conclude in the section that follows.
II. GALACTIC SUBSTRUCTURE FROM CDM SPIKES
One might expect that the distribution of CDM within our galaxy can be strongly influenced by the formation and evolution of objects such as black holes. In particular, as the gravitational potential becomes dominated by a compact baryonic object, the CDM distribution near this object will be affected. Gondolo and Silk have examined this possibility for the supermassive back hole at the center of our galaxy (around 10 6 M ⊙ ) around which one might expect a large enhancement in the CDM density [18] . However, further investigations revealed that such extreme inhomogeneities are most likely negligible today due to a number of effects, including major merger events, off-center formation of the seed black hole, gravitational scattering off stars, and CDM annihilations [19] [20] [21] [22] . Zhao and Silk then proposed [23] that these wash-out effects may not be present for small over-densities, or spikes, resulting from Intermediate Mass Black Holes (IMBHs), which are the expected remnants of the earliest stars to form, known as Pop-III stars 3 .
Bertone, Zentner, and Silk (BZS) examined this possibility in more detail in [24] (for a review see [25] ) using an analytic model of halo evolution and performing 200 statistical realizations for the growth of a Milky Way-sized halo. The population of IMBHs was generated by identifying 3σ over-densities in the smoothed primordial density field at a redshift of z = 18 and replacing each of those peaks with a 100 M ⊙ black hole. Tracking the growth and mergers of the structures until today, they find an expected number of IMBHs in our galaxy to be N bh = 1027 ± 84. The uncertainty in this number reflects unknowns in the model parameters, such as the redshift at which small-scale fragmentation of baryonic disks becomes important and black hole seeds cease to form. BZS accounted for this uncertainty by varying the redshift at which the seeds are initially evolved.
A different approach was taken by one of us (PS) in collaboration with J. Diemand, K. Freese, and D. Spolyar in [6] (see also [26] ), hereafter referred to as SDFS. Their analysis uses the Via Lactea-II cosmological Nbody simulation [27] to estimate the number and mass distribution of CDM minihalos as a function of redshift. Minihalos suitable for the formation of Pop-III stars are identified at high redshift, and the distribution evolved until today. Assuming each minihalo hosted a Pop-III star, these minihalos exist today as spikes, each surrounding an IMBH Pop-III remnant. The distribution of these IMBHs and surrounding spikes depends 3 In this paper we will carelessly refer to Population III.1 as Pop-III.
on the duration of Pop-III star formation, though the exact redshift at which Pop-III star formation ceases remains uncertain. Additionally, the density profile of each individual spike, and therefore the expected dark matter annihilation rate, depends on the typical size of the remnant black holes. Here we build on the analysis of SDFS, whose methodology we now review, referring to the original papers for more detail [6, 26] .
Via Lactea-II [27] is the first cosmological N-body simulation of a Milky-Way sized dark matter halo capable of resolving the ∼ 10 6 M ⊙ minihalos in which the first stars formed. Star formation depends on the ability of the baryonic clouds to efficiently cool as they collapse. This cooling proceeds primarily through excitations of molecular hydrogen, the abundance of which depends on the temperature and therefore redshift of formation. Using this fact, Trenti and Stiavelli found a minimal mass for minihalos in which Pop-III stars could have formed of [28] 
The maximum mass of halos that formed Pop-III stars is less important since the hierarchical nature of structure formation favors small mass minihalos, but for completeness SDFS took a maximum mass of 10 7 M ⊙ . Given the uncertainty in the redshift at which Pop-III star formation gave way to the formation of lessmassive subsequent generations of stars (which are not expected to result in the spikes we examine here), SDFS considered three possible termination redshifts z f = 11, 15, and 23. For brevity, here we consider only z f = 15.
Assuming each Pop-III star ended its life by collapsing to a black hole, and given a Pop-III termination redshift and the viable minihalo mass range above, the current number density of black holes surrounded by spikes, N bh , is related to the total possible number of viable minihalos, N halos , by
where f 0 is the fraction of halos that are expected to host Pop-III stars, and f merged is the fraction of CDM spikes that are destroyed by black hole mergers. SDFS argued that mergers are most important for the highest mass black holes and for f 0 ≈ 1, in which case they would reduce the number of spikes by at most a factor of two. For lighter black holes and/or smaller f 0 , it was argued that this effect is negligible and N bh ≈ f 0 N halos . Here we will fix the fraction of black holes to form and survive, f s = f 0 (1 − f merged ) and consider two possible values; f s = 0.1 and the maximal case f s = 1.
If the growth rate of a baryonic object at the center of a minihalo is slow with respect to the time it takes CDM particles to cross the central region, the contraction of particle orbits and the formation of CDM spikes may be modeled by adiabatic contraction. SDFS used the Blumenthal et al. prescription for adiabatic contraction [29] , which predicts a roughly power-law density profile for the spikes and is independent of the CDM particle mass. However, given the enhanced density of CDM, some particle self-annihilations will take place. This depends on the lifetime of the central mass core (t bh ) and leads to an upper limit on the CDM density
where m χ and σv are the CDM mass and averaged self-annihilation cross section times velocity, respectively. In summary, SDFS find that the formation of Pop-III stars leads to a significant number of CDM spikes in our own galaxy today, as first anticipated by Zhao and Silk. In the next section, we consider the feasibility of using the existence of these spikes to sharpen constraints on the properties of CDM through (non-)observation of their annihilation products by FGST.
III. NON-THERMAL CDM CONSTRAINTS FROM SPIKES
For a Majorana CDM particle with mass m χ and average annihilation cross section times velocity σv , the rate of self annihilations inside a spike is
where r min and r max are the inner and outer radii of the CDM spike in which annihilations occur with the former being of order the Schwarzschild radius of the black hole, and ρ spike (r) is the CDM density profile of the spike. We consider several WIMP candidates defined by their masses and annihilation channels. Calculations are performed for WIMP masses of 100, 200, 500, 1000, and 2000 GeV and Standard Model final states bb, W + W − , τ + τ − , and µ + µ − . The resulting spectrum of photons dN f /dE from annihilation to final state f is computed with PYTHIA [30] . For χχ → µ + µ − , the photon spectrum comes from final state radiation and is given by [31] 
where x ≡ E γ /m χ , the center-of-mass energy squared is s = 4m 2 χ , and α ≈ 1/137 is the fine structure constant. We note that WIMP candidates typically annihilate to a variety of final states with the rate of annihilations in a CDM spike expressed as
where B f is the branching ratio to the final state f . The intrinsic photon luminosity from CDM annihilations in any CDM spike is then
Given the luminosity resulting from dark matter annihilations in spikes, we can now proceed to establish constraints on the CDM self annihilation cross section using both point source and diffuse flux data from FGST.
A. Point Source Constraints
We first consider establishing constraints on the WIMP self annihilation cross section by requiring that annihilations in the nearest spike do not lead to a point source flux that exceeds that from the brightest recorded FGST point source. Point source constraints rely heavily on the estimate of the distance to the nearest spike, determined by integrating the probability density of finding a spike in the neighborhood of our Solar System. Despite the fact that the brightest FGST point source is associated with the Vela pulsar [32] , in this analysis we simply require that the gamma-ray flux from the brightest spike not exceed the gamma-ray flux from Vela, resulting in the somewhat bizarre requirement that the brightest spike must be located along our line-of-sight to Vela. As this possibility is not excluded, we reserve further discussion of this issue until the end of the section.
As discussed in section II, given the uncertainties in spike formation we will consider both small mass (m BH = 100 M ⊙ ) and large mass (m BH = 10 4 M ⊙ ) black holes and we will consider two values for the fraction of black holes to form and survive; f s = 0.1 and f s = 1. Our results for the point source analysis are given in Figures 1 and 2 . In Figure 1 we fix f s = 0.1 and present the upper limit on the average WIMP annihilation cross section times velocity as a function of the mass of the dark matter particle for a typical black hole mass of 100 M ⊙ (top panel) and Figure 2 , we show the upper limit on σv as a function of WIMP mass for f s = 1.
It is clear that the constraints are quite sensitive to both the dark matter annihilation mode and the typical black hole mass. Constraints are also sensitive to the value of f s , an as-yet unknown parameter. The least constrained case considered here is shown in the top panel of Figure 1 [33] reveals that the constraints are comparable 4 . However, for the heaviest black holes considered here and f s = 1, as shown in the lower panel of Figure 2 , we see that non-thermal models with light WIMPs are essentially completely ruled out, with the possible exception of the case where χχ → µ + µ − . We expect that the true effect of the spikes will lie somewhere between these two extreme cases. However, we see from the upper panel of Figure 1 that even in this case meaningful constraints may be achieved for WIMPs with final states of bb and W + W − . The latter places an important constraint on the non-thermal wino-like LSP scenario discussed in [9, 10] , which used the non-thermal enhancement of the cross section to address the PAMELA data.
Finally, it is obvious that the constraints presented 4 Differences in the slope of the constraint in the (mχ, σv ) plane are due in part to the fact that the spike profiles (specifically ρmax) are affected by the WIMP mass. As WIMP mass increases, not only does the luminosity of a particular spike decrease due to the decreased number density of WIMPs, but the luminosity also decreases because the spike has essentially lost more of its core. here would improve had we chosen to use the flux limit from the brightest unassociated FGST point source, rather than the flux limit from Vela. For a spike located at some distance D from our solar system, Φ ∝ σv /D 2 , so it is possible to translate the constraints on σv from Vela to constraints from the brightest unassociated source, which has an integrated luminosity ∼ 1/22 that of Vela. Therefore the limits from the brightest unassociated source, for the choices of f s in Figures 1 and 2 would simply be shifted to lower σv by a factor of ∼ 1/22, representing a notable improvement in the ability to constrain nonthermal cross sections. Alternatively, one could imag- ine that f s is in fact less than the minimal value of 0.1 that we have chosen to examine here. If we derive our limits according to the flux from the brightest unassociated FGST point source, the constraints in Figures 1  and 2 would apply to f s ≈ 0.001 rather than 0.1 (upper panels), and f s ≈ 0.01 rather than 1 (lower panels).
If it is true that there are no bright spikes located along our line of sight to any of the brightest associated FGST point sources, then even if f s is quite small there are very significant limits on σv from non-observation of bright nearby CDM spikes.
With these examples of how point source flux from WIMP annihilations in spikes can be used to place constraints on non-thermal dark matter, we now turn to the case of the diffuse flux. The CDM annihilation cross section may also be constrained by requiring that the diffuse flux from dark matter annihilations in the spikes not exceed the FGSTmeasured diffuse gamma-ray flux by more than 3σ in any of the nine energy bins of Ref. [34] . This provides a quite robust constraint given our adoption of the conservative assumptions for the number of spikes that contribute to the diffuse flux as outlined in Ref. [26] . In Figure 3 we present the values of σv that may be excluded by the diffuse gamma-ray flux as measured by FGST for the channel XX → µ + µ − for f s = 1. The shaded region represents the cross sections that are excluded if the typical black hole mass is 100 M ⊙ , while the region between the dashed contours is excluded if the typical black hole mass is 10 4 M ⊙ . As expected, cross sections that are below the accessible range result in too low a photon flux to provide a meaningful constraint. However, cross sections above the accessible range result in extremely bright spikes, such that many or most of the spikes in our Galactic halo would be visible as point sources, and therefore very few would contribute to the diffuse flux. The horizontal line represents the standard cross section for thermal dark matter, σv th = 3 × 10 −26 cm 3 s −1 . We see that even for the case of small black hole mass that light non-thermal WIMPs with the XX → µ + µ − channel may lead to significant constraints. We remind the reader, however, that the largest diffuse flux is expected in models where the luminosity of an individual spike is very low (thus many/most spikes contribute to the diffuse flux). Therefore, of the cases considered here, XX → µ + µ − with f s = 1 results in the strongest diffuse constraints. For f s < 1, the diffuse constraint weakens. As was concluded in [6] , there are few cases where the diffuse constraint is stronger than that from point source brightness.
IV. CONCLUSIONS
We have examined whether significant constraints on non-thermal dark matter can be derived by accounting for the presence of dark matter spikes in our Galactic halo. We find that, despite the uncertainties in the formation of dark matter spikes and the associated black holes, meaningful constraints may be expected for f s 0.1, and even for f s as small as 10 −3 if one is willing to accept that there are no spikes hiding along our line of sight to the brightest associated gamma-ray point sources. Existing constraints on nonthermal dark matter annihilation cross sections may be improved by the non-observation of a gamma-ray flux from spikes in our Galactic halo, especially if the typical mass of a black hole at the center of a spike is rather large (∼ 10 4 M ⊙ ). We have also demonstrated that constraints can be established based on the contribution of faint CDM spikes to the diffuse gamma-ray flux for the example case of χχ → µ + µ − . For this particular final state, and if each minihalo capable of forming a Pop-III star did form one, we find that non-thermal WIMPs are restricted to be quite massive, even for the lighter 100 M ⊙ central black holes.
Despite the many uncertainties in the star formation history, these results are promising and merit further investigation into the importance of dark matter spikes in indirect detection of non-thermal dark matter. However, an important and difficult challenge for this program is to better establish the typical mass and formation era of the first generation of stars. As we have shown, if a star formation history is better established, accounting for dark matter annihilation in local spikes may significantly improve existing constraints on nonthermal dark matter.
